Numerical simulations using the National Center for Atmospheric Research Community Atmosphere Model (CAM) are conducted based on tropical forcing of El Niño flavors. Though these events occur on a continuum, two general types are simulated based on sea surface temperature anomalies located in the central (CP) or eastern (EP) tropical Pacific. The goal is to assess whether CAM adequately represents the transient eddy dynamics associated with each of these El Niño flavors under different southern annular mode (SAM) regimes. CAM captures well the wide spatial and temporal variability associated with the SAM but only accurately simulates the impacts on atmospheric circulation in the high southern latitudes when the observed SAM phase is matched by the model. Composites of in-phase (El Niño-SAM2) and out-of-phase (El Niño-SAM1) events confirm a seasonal preference for in-phase (out of phase) events during December-February (DJF) [JuneAugust (JJA)]. Modeled in-phase events for both EP (during DJF) and CP (during JJA) conditions support observations of anomalous equatorward momentum flux on the equatorward side of the eddy-driven jet, shifting this jet equatorward and consistent with the low phase of the SAM. Out-of-phase composites show that the El Niño-associated teleconnection to the high southern latitudes is strongly modulated by the SAM, as a strong eddy-driven jet is well maintained by high-latitude transient eddy convergence despite the tropical forcing. A regional perspective confirms that this interaction takes place primarily over the Pacific Ocean, with highlatitude circulation variability being a product of both tropical and high-latitude forcing.
Introduction
The southern annular mode (SAM), the dominant mode of atmospheric circulation variability in the Southern Hemisphere (SH), has been identified in numerous variables, including mean sea level pressure (MSLP), geopotential height, and zonal wind (e.g., Rogers and van Loon 1982; Karoly 1990 ; Kiladis and Mo 1998; Gong and Wang 1999; Thompson and Wallace 2000; Simmonds and King 2004) . The SAM represents oscillations in atmospheric mass between the mid-and high latitudes and thus the meridional variability of the circumpolar westerly winds. The SAM varies from daily (Baldwin 2001) to interdecadal time scales (Kidson 1999) and can occur without external forcing (Limpasuvan and Hartmann 1999, 2000) . The persistence and internal variability of the SAM is the result of positive feedbacks between baroclinicity and the meridional propagation of high-frequency eddies in the upper levels of the atmosphere, such that the Ferrel cell maintains a strong thermal gradient near the eddy-driven jet that perpetuates its displacement (e.g., Karoly 1990; Yu and Hartmann 1993; Hartmann and Lo 1998; Hall and Visbeck 2002; Simmonds 2004, 2005; Kidston et al. 2010 ). On intermediate time scales, thermal feedbacks between the ocean and atmosphere maintain SAM-induced anomalies of surface temperature and sea ice for weeks or months beyond the initial atmospheric signal (Sen Gupta and England 2006; Ciasto and Thompson 2008) . Late twentieth-century trends toward a high-polarity SAM have been linked to decreases in stratospheric ozone over Antarctica with propagating effects into the troposphere during austral summer (e.g., Thompson and Solomon 2002; Gillett and Thompson 2003; Thompson et al. 2011) , as well as increasing greenhouse gases (Fyfe et al. 1999; Kushner et al. 2001; Marshall et al. 2004; Simpkins and Karpechko 2012; Zheng et al. 2013) .
Low-frequency forcing of the atmospheric circulation in the SH is also tied to the atmosphere-ocean coupled El Niño-Southern Oscillation (ENSO) (Trenberth 1997) . During the warm phase of ENSO (El Niño), a weakening/reversal of the tropical trade winds allows anomalous warm water to move toward the central and/ or eastern equatorial Pacific Ocean, shifting tropical convection eastward and affecting global atmospheric circulation (Hoskins and Karoly 1981; Arkin 1982) . The ENSO teleconnection to the SH is characterized as a Rossby wave, specifically the Pacific-South American pattern (PSA) (e.g., Mo and Ghil 1987) , displayed as alternating positive and negative geopotential height anomalies extending from the west central equatorial Pacific Ocean toward the South Pacific Ocean near the Amundsen-Bellingshausen Seas (ABS) region. This teleconnection is most evident during SH winter (Karoly 1989) , as El Niño creates high-pressure ridging in the ABS (Renwick 1998; Renwick and Revell 1999; Revell et al. 2001) . Rossby waves depend on the spatial distribution of the deep convection in the central equatorial Pacific (Mo and Peagle 2001; Harangozo 2004; LachlanCope and Connolley 2006) , with location and intensity being the key forcing for the high-latitude blocking events.
Dynamically, Seager et al. (2003) described a mechanism different from the Rossby wave interaction on SH circulation whereby an El Niño event warms the tropics and strengthens the Hadley circulation and subtropical jet (STJ). This phenomenon modifies the meridional circulation by diverting transient eddies to the north and south as a result of an anomalously low meridional wavenumber in the mid-and upper troposphere of the subtropics. These changes shift or weaken the polar front jet (PFJ; or eddy-driven jet) (Karoly 1989; Chen et al. 1996; Gallego et al. 2005; Carvalho et al. 2005 ) with direct impacts on high-latitude variables, such as sea ice (Rind et al. 2001; Yuan 2004; Pezza et al. 2012; Simpkins et al. 2012 ). Fogt and Bromwich (2006) showed that the ENSO teleconnection is amplified when the SAM is positively correlated with the Southern Oscillation index [SOI; strongest in September-October (SON) and December-February (DJF)], supported by evidence that the ENSO projects strongly onto the SAM in DJF (L'Heureux and Thompson 2006; Gregory and Noone 2008; Stammerjohn et al. 2008; Grainger et al. 2011; Cai et al. 2011 ). Fogt et al. (2011 showed that, when El Niño occurs with negative SAM (SAM2) events [or La Niña occurs with the positive SAM phase (SAM1)], strong circulation anomalies occur in the southeastern Pacific as a result of reinforcing anomalous transient eddy forcing. When these indices are out of phase, the regional circulation response is weakened because of interfering transient eddy processes. Thus, the internal variability associated with the SAM can impart a forcing on the high-latitude circulation that opposes the low-frequency forcing from the ENSO, but both impact SH circulation through the modulation of transient eddy momentum. Ding et al. (2012) showed that the SAM is significantly correlated with tropical sea surface temperatures (SSTs) in the central Pacific Ocean during austral winter [JuneAugust (JJA)] and spring (SON) and significantly correlated with eastern tropical Pacific SSTs during DJF. Other authors had already established the existence of ENSO ''flavors'' (e.g., Larkin and Harrison 2005; Ashok et al. 2007 Ashok et al. , 2009 Kug et al. 2009 Kug et al. , 2010 ; that is, ENSO events may be classified by the location of their maximum heating/cooling in the tropical Pacific with distinct impacts on atmospheric circulation and climate. Central Pacific (CP) El Niños-also known as date line El Niños, ENSO Modoki, and warm pool-cold tongue events-have already been shown to be on the increase in recent decades compared to the classic warm tongue-eastern Pacific (EP) events (Ashok et al. 2007; Lee and McPhaden 2010) . CP events lead to anomalous blocking over Australia associated with anomalous heating in the subtropics and a southward shift in the STJ in the eastern Pacific (Ashok et al. 2009 ). Lee et al. (2010) highlighted the 2009/10 CP event that coincided with a large anticyclonic anomaly in the south-central Pacific (SCP) during SON of that year, resulting in an anomalous northerly wind that brought warmer air and ocean water toward higher latitudes in this region. Kim et al. (2011) cited the nature of its decay phase and the strong anticyclone that was prevalent in the SCP in November (Lee et al. 2010) . Reanalyses and models have shown that a distinct westward shift in the PSA pattern during JJA is also common in CP events (Sun et al. 2013; Ciasto et al. 2015) , which impacts stationary eddies of heat and momentum (Wilson et al. 2014 ) associated with the Antarctic dipole (Yuan 2004) near the Antarctic Peninsula (AP).
Observation and modeling studies have revealed that the ENSO varies on a wide continuum of events, with each leading to different regional impacts (e.g., Capotondi 2013; Capotondi et al. 2015) . A key task is figuring out how to improve the simulation of ENSO diversity in climate models. To do so, we need to know how well the models, both atmospheric and coupled models, are simulating the ENSO flavor events and their impacts in the high latitudes of the SH. While Wilson et al. (2014) focused on the changes to the stationary wave pattern, this work focuses on the transient eddies that are critical for ENSO and SAM modulation.
To achieve this task, we use an atmospheric model with prescribed global SSTs to simulate different El Niño flavors based on observed SSTs and evaluate their atmospheric circulation differences. Does the model provide robust signals that verify the dynamics, both in the zonal mean sense as well as specifically over the Pacific Ocean sector, as explained by previous research on the observed El Niño-SAM coupled forcing of high-latitude circulation (Seager et al. 2003; Fogt et al. 2011; Lim et al. 2013) ? With the suggestion that the ratio of CP to EP events may increase in a warming world (Yeh et al. 2009 ), understanding the dynamics associated with each flavor may aid in improved modeling of such events to determine possible future climate implications. Section 2 explains the model characteristics, the El Niño and the SAM indices, and investigation methods. Section 3 verifies both the SAM and the El Niño influence on atmospheric circulation in the high latitudes, while section 4 provides an analysis of the eddy dynamics involved with their coupling. Section 5 explores these dynamics over the Pacific Ocean, with additional discussion and conclusions provided in section 6.
Data and methods

a. Numerical model
The Community Atmosphere Model (CAM), version 4 (Neale et al. 2010; Gent et al. 2011) , the atmospheric component of the National Center for Atmospheric Research (NCAR) Community Climate System Model, is utilized, as sensitivity and idealized simulations have demonstrated it to be suitable for El Niño-flavor simulations (Wilson et al. 2014) . This investigation tailors the lower boundary conditions [global SSTs and sea ice concentrations (SICs)] to match various observed El Niño events, which are prescribed using a dataset designed for uncoupled CAM simulations (Hurrell et al. 2008 ; available at http://cdp.ucar.edu/MergedHadleyOI). This dataset synthesizes the monthly mean Hadley Centre Sea Ice and SST dataset version 1.1 (HadISST1) (Rayner et al. 2003) with version 2 of the National Oceanic and Atmospheric Administration (NOAA) weekly Optimum Interpolation SST (OISSTv2) analysis (Reynolds et al. 2002) . The CO 2 concentration and orbital parameters have been set to the observed 1990 values, and the standard stratospheric ozone has been used (Neale et al. 2010 ). The CAM radiation parameterization uses monthly mean ozone volume mixing ratios that are specified as a function of latitude, longitude, vertical pressure level, and time. Therefore, the three-dimensional stratospheric ozone structure is also annually repeating.
The spectral Eulerian dynamical core was used, which has 26 vertical levels and an 85-wave triangular truncation (T85L26, 128 3 256 gridpoint horizontal grid), with an equivalent resolution of 1.48. This resolution allows the model to accurately represent eddies and their direct (and nonlinear) transports. The vertical structure is a hybrid coordinate system (Simmons and Strüfing 1981) that is terrain following near the earth's surface with a fixed upper boundary pressure surface (;3 hPa). Modifications to the convective momentum transport and a convective available potential energy dilution approximation have improved intraseasonal variability and weakened model trade winds, allowing for a better representation of ENSO (Hurrell et al. 2006; Neale et al. 2008 ).
b. CAM simulation strategy
The four main regions in the tropical Pacific Ocean monitored for the development of ENSO are as follows (from west to east): Niño-4 (58N-58S, 1608E-1508W); Niño-3.4 (58N-58S, 1708-1208W); Niño-3 (58N-58S, 1508-908W); and Niño-112 (08-108S, 908-808W). Historically, the Niño-3.4 and Niño-3 regions have been used to identify anomalous SSTs above or below the climate base period (Trenberth 1997) , but tropical Pacific SST anomalies are much more diverse and often not contained within a single predefined Niño region (e.g., Capotondi et al. 2015) . Figure 1 shows observed seasonal SST anomalies (w.r.t. 1981-2010) for five cases of El Niño selected for simulation with the CAM. The first two cases (1982/83 and 1997/98 ) are identified and organized in this study as EP events, with higher SST anomalies in the Niño-3 region than Niño-4. These events depict a warm tongue (anomalies .38C) extending from the South American coast toward the central Pacific Ocean in response to the atmosphere-ocean interaction of weakening easterly trade winds and a deepening thermocline in the eastern Pacific. This allows warm SSTs from the warm pool region to move eastward, resulting in anomalous rising motion over the eastern tropical Pacific and anomalously sinking air in the warm pool region (vertical pressure velocity v not shown). Despite their similarities, these two EP events demonstrated differences in their teleconnections, particularly to West Antarctica (Bromwich and Rogers 2000) .
The other three events (1994/95, 2004/05, and 2009/10) have been classified as CP events (e.g., Ashok et al. 2007; Kug et al. 2009; Lee et al. 2010) . Spatially, these differ from their EP counterparts as SST anomalies form in the central Pacific Ocean during JJA but do not fully extend into the eastern Pacific basin (SST anomalies are greater in the Niño-4 region than in the Niño-3 region). For 1994/95 and 2004/05, the SST anomaly begins near the date line and is flanked by cool or neutral SST anomalies to the west and east (Fig. 1) . This results in a small area of anomalous rising motion between 1508E-1508W and weak anomalous sinking motion on either side (v not shown). The third CP event, 2009/10, bears some resemblance to an EP event in that, early in its development, the SST anomalies are concentrated in the eastern basin, but as the event developed further, the higher SST anomalies occurred in the Niño-4 region and were greater than the other two CP events. In fact, this was the strongest CP event since 1990 (defined as the Niño-4 index exceeding Niño-3) (McPhaden et al. 2011) . We simulate this third event in order to capture more variability and in recognition of the potential to experience stronger CP events under global warming (Yeh et al. 2009 ). It should be noted that similar transient eddy behavior and anomalous circulation is found in each type of simulation, but events are composited here to increase confidence in the results.
Each CAM simulation was forced with cyclic (annually repeating) 12-month global SSTs and SICs based on each case (Fig. 1) , and the CAM atmosphere freely responded to the specified sea surface conditions. The lower boundary conditions are based on the annual cycle from June of the year of development to May of the following year. This period was chosen in order to provide a smooth transition from the end of one annual cycle of tropical SST index to the next, as none of the cases show significant jumps between May and June in the repeated annual cycle. All model simulations begin in September (using the corresponding September SST and SIC values) and are run for 15 yr and 9 months, with the first 9 months discarded as spinup time. Though a longer period could have been selected, 15 yr was determined to provide an adequate number of ENSO-SAM events from which to draw robust conclusions. Finally, a control experiment with annually repeating SSTs and SICs (same as the El Niño simulations) based on climatological monthly SSTs and SICs for the period 1981-2010 was run and used to calculate all circulation anomalies for this study.
c. Defining model SAM
Not only has the SAM been defined as a hemispheric signal on various temporal scales (Ho et al. 2012) , but it has also been described as a composition of regional patterns depending on the ocean basin of analysis (Ding et al. 2012) , with regional impacts on local climate (e.g., Meneghini et al. 2007 ). We use the first (dominant mode) empirical orthogonal function (EOF) of the month-tomonth field of 500-hPa geopotential height (Z500) anomalies (w.r.t. long-term monthly means of the control simulation) poleward of 108S to define the SAM in each simulation. The monthly Z500 anomalies are weighted by the square root of the cosine of the latitude in order to give area parity in the variances (Chung and Nigam 1999) , with principal components constructed using the covariance matrix and varimax rotation (Richman 1986 ).
The same method could be used with MSLP anomalies, but Z500 was chosen, as it represents the first major pressure level above the entire surface of Antarctica. Figure 2 shows the first rotated EOF (REOF) modes from all five simulations as well as their SAM indices, which are constructed by projecting the monthly mean Z500 anomalies of each case onto their leading REOF modes and normalizing the time series by the standard deviations of the monthly indices for the entire 15-yr period. In all five cases, the first REOF mode is significantly separated from their respective REOF2 modes according to North et al.'s (1982) criteria. All simulations show a pattern consistent with the SAM from observations (e.g., Thompson and Wallace 2000; Fogt and Bromwich 2006) , with structures of opposite signs between the mid-and high latitudes and 21.7%-28.6% of the variance of monthly Z500 variance explained. Despite the correlative nature of El Niño and the SAM (Ding et al. 2012) , the internal variability is well maintained in CAM with both positive and negative phases of SAM throughout the period. Correlation coefficients between the EP, CP, and EP versus CP SAM indices (except 1982/83 vs 1994/95) are not significant (at the p , 0.05 level). An additional test (not shown) was conducted using linear regression to remove the tropical-index-related variability from the Z500 anomalies at each grid point; then REOF analysis was performed on the residual Z500 anomaly field. The resulting EOF structures and variances were very similar to Fig. 2 , and none of the composites were affected. These results support the idea that the internal variability of SAM modulates the impacts of the tropical teleconnections in the high southern latitudes (Fogt et al. 2011 ) regardless of flavor and is not merely induced by tropical variability.
The autocorrelation for each of the indices is shown in Fig. 3 . All five simulations show significant autocorrelation at lag 1 (1 month), which is consistent with other studies (Ciasto and Thompson 2008; Gerber et al. 2008 ) as well as the Marshall index (Marshall 2003; Fig. 3f ). The EP cases (Figs. 3a,b) demonstrate significant autocorrelation at longer lags compared to the CP cases. In particular, 1982/83 (Fig. 3a) shows significant autocorrelation at 1, 2, 4, 5, 6, 7, and 12 months. The sign of the autocorrelation also changes from positive to negative, most evident in the EP simulations but not significantly in 1994/95 (Fig. 3c) or 2004/05 (Fig. 3d ) CP events. This is only weakly reflected in the Marshall SAM index (Fig. 3f) and likely reflects a model artifact as a result of the perpetual annual cycle of El Niño conditions present in the simulations (we forced a limited El Niño spectrum). Decreased autocorrelation at longer lags depicted by the CP events suggests that the tropical influence on the high latitudes is less robust with these types of events. However, the strong agreement between the simulated SAM indices and the Marshall index at shorter lags (the focus of this study) gives confidence that the SAM variability is well represented by the CAM.
Verification of simulated SAM modulation of the ENSO teleconnection a. The importance of the SAM
To test whether CAM reproduces the in-phase and out-of-phase nature of the ENSO-SAM coupling on high southern latitude atmospheric circulation (Fogt et al. 2011 ), Fig. 4 shows the mean Z500 anomalies for September-December (SOND) for the 1997/98 (EP) and 2009/10 (CP) events (same results apply to the other simulations). While the SAM has been shown to be correlated with the central Pacific SST anomalies during JJA and the eastern Pacific SST anomalies during DJF (e.g., Ding et al. 2012; Lim et al. 2013) , the focus in Fig. 4 is on the spring into early summer as the ENSO teleconnection has been demonstrated to be strongly correlated with the SAM during this season (Fogt and Bromwich 2006) and reflects a transition from asymmetric to more zonal flow (Karoly 1990 ). The European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim, hereafter ERAI; Dee et al. 2011 ) is used to compare September-December with the CAM simulations. For the 1997/98 event, ERAI (Fig. 4a) shows the characteristic high-latitude response in the geopotential height field from the El Niño teleconnection with increased heights to the west of the AP representing atmospheric blocking that typically occurs there. In fact, the entire alternating wave train of Z500 anomalies, from the western Pacific across the South Pacific toward Antarctica is evident. CAM (Fig. 4b) shows a similar high-latitude signal in its Z500 anomalies with increased heights near the AP and lower heights near 608S north of the Ross Sea. The response is less than that of ERAI, but it is important to note that this represents all 15 SOND seasons in the simulation regardless of other factors (specifically the SAM phase).
To assess whether CAM is adequately modeling the modulation of ENSO by the SAM, these 60 months (15 yr 3 4-month period) are filtered for occurrences when the SAM index in CAM is the same phase that was observed. For the 1997 event, the SAM was neutral during September followed by the negative phase during October, November, and December. Once CAM events are filtered for the observed SAM phase (Fig. 4c) , the response in the high southern latitudes is spatially more consistent with ERAI and stronger in magnitude. This supports the role the SAM plays in modulating the highlatitude response from El Niño to this region of the globe, as the anomalies are intensified when the SAM phases with the ENSO (specifically the SAM negative phase with El Niño in this example).
The importance of filtering for the SAM becomes even more apparent with the CP event. ERAI shows a different pattern of Z500 anomalies for the CP (2009/10) compared to the EP event (1997/98) (Fig. 4d) . Geopotential heights increase (decrease) in the SCP (Drake Passage), consistent with the known shift in the stationary wave pattern across the SH. As Fig. 4e demonstrates, CAM does not fully reproduce the key features when considering the full 15-yr simulation. However, Fig. 4f reveals a more consistent response with ERAI, particularly in the SCP, when the phase of the SAM is considered. Observed SAM remained neutral from September through October, with a switch to the negative phase during November and December. Undoubtedly, the transition toward the negative SAM phase greatly supported the development of the large anticyclone during this particular November, as a low SAM signifies decreased zonal winds throughout the anticyclonic region (Lee et al. 2010) . Figure 4 indicates that the high-latitude atmospheric circulation during ENSO events is forced by not only low-frequency ENSO variability but also by the internal variability of the SAM and must be considered when evaluating differences between EP and CP events.
b. Compositing events
Based on the monthly SAM indices in Fig. 2, 3 -month running means were computed in order to obtain a seasonal SAM for all 3-month periods [JJA, July-September (JAS), August-October (ASO), SON, etc.] . Focus is on the four standard seasons from austral winter through autumn [JJA, SON, DJF, and March-May (MAM)]. Positive SAM (defined as .0.5) and negative SAM (defined as ,20.5) were identified for each season and simulation throughout the 15-yr period. The total number of events for each SAM phase (1 and 2) for each type of El Niño flavor (EP and CP) and all seasons are shown in Table 1 .
Several authors (e.g., Seager et al. 2003; Lim et al. 2013 ) have demonstrated that low-frequency El Niño variability can force a SAM2 state through the modulation of the SH STJ that imparts a decrease in transient momentum flux convergence at high latitudes (weaker zonal flow) and an equatorward shift in the eddy-driven jet. While there is a tendency for such an occurrence, this does not necessarily mean a SAM2 event will always occur with El Niño, as a number of recent observations prove otherwise (e.g., August-October 2013, November-December 2012, and June-September 2011). This primarily reflects the internal variability of the SAM, the influence of which on high-latitude circulation is well documented (e.g., Kidston et al. 2010; Fogt et al. 2011 Fogt et al. , 2012 .
However, in-phase events (like El Niño-SAM2) tend to occur in November-February, and out-of-phase events occur in May-October (Fogt et al. 2011) , a relationship further detailed through analysis of high-latitude ice cores (Schneider et al. 2012) . Dynamically, it is proposed that the midlatitude jet in the SH is decoupled from changes in the tropics during JJA, specifically circulation changes associated with the Hadley cell (Lu et al. 2008; Barnes and Hartmann 2010) . Table 1 supports this seasonal relationship in CAM for EP events with fewer inphase events during JJA and SON and a greater number of in-phase events in DJF and MAM.
On the contrary, Lim et al. (2013) demonstrated a seasonal preference in the relationship between CP events and SAM2 such that during JJA the southward displaced STJ increases westerlies on the poleward side of the STJ (308-408S). This southward shift in the STJ supports anomalous transient flux convergence in the midlatitudes while simultaneously decreasing westerly momentum in the higher latitudes (458-658S) and weakening the eddydriven jet. However, CAM results in Table 1 do not support this seasonal preference with CP events, as fewer in-phase events occur in JJA similar to EP events. Wilson et al. (2014; cf. Fig. 6h therein) found an increase in westerlies on the poleward side of the STJ for their idealized intense CP El Niño, an indication that the tropical SST anomalies must be strong in order for the CAM to fully capture the tropical atmospheric forcing during these events.
Nevertheless, we composited the events in Table 1 in order to compare the dynamics associated with in-phase and out-of-phase events for both EP and CP events during JJA and DJF and assess whether the CAM is able to reproduce the observed response. By repeatedly forcing each type of event in CAM and compositing the events by SAM phasing (Fogt et al. 2011) , model certainty and confidence in the dynamical mechanisms responsible for the atmosphere circulation variability increases. Using the results from section 3a, the remainder of this manuscript utilizes composites of in-phase and out-of-phase coupling between El Niño flavors and the SAM.
Simulated ENSO flavor dynamics
The ENSO and the SAM have been demonstrated to impact the zonal mean zonal wind, which can be represented by the following equation:
where u is the zonal wind, y is the meridional wind, v is the vertical pressure velocity, a is the radius of the earth, f is latitude, p is pressure, f is the Coriolis parameter, D[u] is damping (i.e., friction), square brackets indicate zonal means, asterisks indicate departures from zonal means, overbars signify monthly means, and primes indicate departures from monthly means (Seager et al. 2003) . The first term on the right-hand side is the advection of zonal wind by the mean meridional circulation, the second term is the Coriolis torque, the third and fourth terms are associated with the momentum flux convergence of stationary waves (not addressed in this manuscript), and the fifth and sixth terms are the forcing of momentum flux convergence by transient eddies. Figure 5 shows composite mean mass streamfunction and overturning circulation for El Niño-flavor SAM2 events. Figure 6 depicts anomalous zonal mean zonal wind, anomalous meridional circulation, and resultant Coriolis torque, while Fig. 7 illustrates anomalous transient eddy momentum fluxes and convergence (as in Fogt et al. 2011 ). These anomalies were calculated w.r.t. the long-term monthly means of the control simulation and composited for each combination of El Niño and SAM with results from JJA and DJF displayed in the figures.
a. JJA
For in-phase events in CAM during JJA (Figs. 5a,b) , the descending branch of the Hadley cell is located in the SH with sinking motion between the equator (EQ) and 308S. Figure 6a shows anomalous sinking motion between EQ and 108S but anomalous rising motion between 158-308S for the EP-SAM2 composite, indicating a stronger Hadley circulation that is contracted toward the equator (Seager et al. 2003; Lim et al. 2013) . As a result, the zonal mean zonal wind is anomalously strong between EQ and 108S, demonstrating a strengthened STJ that is shifted equatorward. The CP-SAM2 composite (Fig. 5b) shows a less vigorous Hadley circulation than the EP-SAM2 composite (Fig. 5a ), though still slightly stronger than the control simulation (not shown). Though stronger ; black contours; solid for convergence; dashed for divergence). The transient eddy momentum fluxes have been cosine weighted (as in Seager et al. 2003; Fogt et al. 2011) ) and shifted slightly south (Figs. 6a,b) .
Both EP-SAM2 and CP-SAM2 composites show weaker zonal mean zonal wind between 508-708S and primarily anomalous sinking motion poleward of 708S as well, consistent with Fogt et al. (2011) . For JJA in-phase events (Figs. 7a,b) , anomalous equatorward flux centered near 408S (solid gray contours) generates transient eddy momentum convergence on the equatorward side (between 108-208S) that helps maintain the stronger STJ (Seager et al. 2003; Lim et al. 2013) . On the poleward side of the center of anomalous equatorward flux (between 408 and 608S), transient eddy momentum divergence (black dashed contours) is present, more apparent in the CP-SAM2 case, which acts as a weakening force on westerly momentum and helps shift the eddy-driven jet equatorward. This forcing is in opposition to the Coriolis torque (gray contours; positive in Figs. 6a,b) that must be overcome in order for the zonal mean zonal wind anomalies to be maintained (Thompson and Wallace 2000; Seager et al. 2003; L'Heureux and Thompson 2006; Fogt et al. 2011) .
As discussed in section 3, Lim et al. (2013) demonstrated a dynamical mechanism for CP events during JJA when shifts in the eddy-driven jet are thought to be decoupled from variations of the STJ and the Hadley cell under EP-type regimes (Lu et al. 2008 ). The anomalous equatorward flux (solid gray contours) is greater in the CP-SAM2 composite (Fig. 7b) compared to the EP-SAM2 composite (Fig. 7a) , with stronger transient eddy divergence between 508 and 608S. However, there does not appear to be a significant increase in westerlies on the poleward side of the STJ in the CP-SAM2 composite as in Wilson et al. (2014) .
For the out-of-phase events, both composites reflect a strong Hadley circulation in the tropics (not shown) that is similar to the in-phase events in Figs. 5a,b. Again, the anomalous sinking motion between EQ and 108S is much stronger in the EP-SAM1 composite than CP-SAM1 composite (Figs. 6c,d ). The tropical influence still promotes a strengthened STJ in the low latitudes of both composites. Zonal mean zonal wind anomalies are negative between 308 and 408S, a reflection of the poleward shift in the eddy-driven jet and resultant changes in the anomalous transient eddy momentum convergencedivergence. This change to the zonal wind velocity stimulates positive Coriolis torque (gray solid contours), indicating a change in midlatitude eddy behavior compared to SAM2 events (Figs. 6a,b) . This is apparent in Fig. 7c where anomalous poleward transient eddy flux centered near 508S and anomalous equatorward flux centered near 358S result in transient eddy momentum divergence (negative forcing on the zonal mean zonal wind) between 308 and 408S. Although this phenomenon is present in the CP-SAM1 case (Figs. 6d and 7d) , the anomalous transient flux divergence and the zonal mean zonal wind are of lesser magnitudes.
In the high latitudes, EP-SAM1 and CP-SAM1 (Figs. 6c,d) show positive zonal mean wind anomalies concentrated between 508 and 708S, which are consistent with reanalysis results for El Niño-SAM1 events (Fogt et al. 2011) . Rising motion between 588 and 728S in the EP-SAM1 case and between 528 and 658S in the CP-SAM1 case is also consistent with observations of a strong thermally direct polar cell, the rising motion of which is dynamically driven by the divergence of meridional winds aloft that are induced by the westerly momentum convergence peaking between 508 and 608S and westerly momentum divergence in higher latitudes (Figs. 7c,d ) (Thompson and Wallace 2000; Fogt et al. 2011; Kidston et al. 2010; Hendon et al. 2014) . In summary, differences in CP composites compared to EP are generally twofold during JJA: (i) weaker zonal mean zonal wind anomalies and (ii) weaker meridional circulation. However, the feedback between the transient eddies and the mean flow is stronger in the CP composites than the EP composites, supporting the findings of Lim et al. (2013) , who show a poleward shift of the STJ causes anomalous convergence of the eddy momentum flux on the equatorward side of the eddy-driven jet, which helps shift the eddy-driven jet equatorward. These results suggest that the tropical forcing in the CAM on zonal wind anomalies is less robust in the CP cases than in the EP cases, likely because of the weaker magnitudes of the tropical SST anomalies in CP events, even during JJA, when CP cases may be more likely to occur (Lim et al. 2013 ).
b. DJF
The anomalous zonal mean zonal wind anomalies and meridional circulation are much stronger in DJF (Figs. 6e-h ) than in JJA (Figs. 6a-d) , and their patterns are consistent with reanalyses (Fogt et al. 2011) . CAM results suggest a more robust tropical forcing on SH circulation during this season. The SH part of the rising branch of the Hadley cell circulation is located between EQ and 108S (Figs. 5c,d ) and is anomalously strong in both EP and CP composites regardless of the SAM phase (Figs. 6e,f) . Once again, EP events in CAM demonstrate a greater modulation of the Hadley circulation as anomalous rising motion near the EQ is much stronger in the EP-SAM2 composite (Fig. 6e) than the CP-SAM2 composite (Fig. 6f) . The STJ is stronger in both the EP-SAM2 and CP-SAM2 events (2-5 m s 21 ) compared to the control and 1-2 m s 21 stronger in the EP-SAM2 composite than the CP-SAM2 composite.
The larger changes (positive and negative) to the zonal mean zonal wind also intensify the transient eddy momentum flux anomalies, as these peak in DJF as well (Figs. 7e-h ). Anomalously weak (strong) zonal mean zonal wind anomalies are centered near 608S, associated with in-phase (out of phase) events. The anomalous equatorward momentum flux centers (gray solid contours) are now located near 508S in the EP-SAM2 (Fig. 7e) and CP-SAM2 (Fig. 7f) and are stronger in the EP-SAM2 than CP-SAM2 composite. Interestingly, the DJF CP-SAM2 equatorward flux during DJF (Fig. 7f) is weaker (;3 m 2 s
22
) compared to JJA (Fig. 7b) , which dynamically supports a weaker relationship between CP events and the SAM during DJF. EP events, however, are more dynamically conducive during DJF, as an intensified and contracted STJ helps maintain an equatorwardshifted eddy-driven jet by shifting the transient eddy momentum convergence equatorward in support of the low phase of the SAM (e.g., Seager et al. 2003; L'Heureux and Thompson 2006; Fogt et al. 2011; Lim et al. 2013) .
For the EP-SAM1 (Fig. 6g ) and CP-SAM1 (Fig. 6h ) composites, rising motion poleward of 608S and anomalous positive zonal mean zonal wind anomalies indicate that the SAM1 forcing on the high-latitude flow is strong enough to overcome the tropical forcing transmitted through the SH from El Niño. This stresses the importance that the anomalous flow in the high latitudes is not only forced by tropical variability but is modulated by the internal variability inherently associated with the SAM through the baroclinicity-driven PFJ. While the zonal mean zonal wind anomalies in the tropics are weaker for the in-phase CP composite compared to the EP case, the positive zonal mean zonal wind anomalies in the high latitudes in the out-of-phase CP-SAM1 are slightly stronger than the EP-SAM1 which demonstrates a weakened opposing force present during CP events compared to the EP type.
Figures 7g and 7h demonstrate anomalous poleward fluxes near 508S that lead to anomalous transient eddy convergence near 608S and positive zonal mean zonal wind anomalies that are associated with SAM1. The magnitude of anomalous poleward transient eddy momentum fluxes in the CP-SAM1 composite is similar to the EP-SAM1 composite, but the pattern is more compact. This shows greater transient eddy momentum convergence near 558S and stronger zonal mean zonal wind anomalies near 608S. This too demonstrates that SAM modulates the El Niño forcing, as weaker CP events are not able to dynamically interfere with (through changes in the transient eddy momentum fluxes) the strong westerly momentum inherent during SAM1 events.
Thus, CAM results support the intensification of circulation anomalies associated with the interaction between SAM2 events and El Niño, and there is modeling support that their dynamics differ between seasons. The strongest impacts are realized during EP-SAM2 events in DJF when in-phase events are more likely to occur (Fogt et al. 2011; Lim et al. 2013) . Still, dynamically CP events impart a similar upper-level forcing on transient momentum in the high latitudes during JJA because of a southward shift in the STJ that supports weakened westerlies in the high latitudes during this season. On the other hand, SAM1 conditions interfere with transient eddy behavior in the midlatitudes during both flavors of El Niño, limiting the efficiency to which the tropically induced transient eddy momentum may propagate and reach the high latitudes (Fogt et al. 2011) . This supports conclusions drawn by Barnes and Hartmann (2010, 2012) that, as the high-latitude jet moves poleward, waves are unlikely to break on the poleward flank of the jet. Instead, they turn and propagate equatorward, breaking at critical lower latitudes.
Regional dynamics over the Pacific Ocean
Knowing that the ENSO signal is predominantly propagated to the high southern latitudes via wave activity and the modulation of jet streams over the Pacific Ocean, Chen et al. (1996) determined that the balance between mean flow momentum convergence and ageostrophic flow (pressure gradient and Coriolis torque) determines the variation of the STJ, while transient eddy momentum convergence is largely responsible for changes in the PFJ. Fogt et al. (2011) demonstrated mutual modulations of transient eddy momentum fluxes from both ENSO and the SAM, with in-phase (e.g., El Niño-SAM2) events leading to transient eddy anomalies from each that amplify resultant circulation anomaliessupported by the full zonal mean perspective presented in section 4. With these results in mind, focus is given to the transient eddy dynamics involved in the El Niño teleconnection and the SAM modulation under different flavors in CAM specifically over the Pacific Ocean. Similar to Fogt et al. (2011) , the local E u vector formulation of Trenberth (1986 Trenberth ( , 1991 is used, which is similar in concept to a localized Eliassen-Palm (E-P) flux (Edmon et al. 1980) . The zonal component of the E u vector is given by (1/2)(y 02 2 u 02 ), while the meridional component is the negative of the transient eddy momentum flux 2u 0 y 0 . The E u vector points in the direction of the group velocity and its divergence represents a westerly wind forcing (Trenberth 1991) . 2304 DJF, respectively, averaged for the Pacific sector (1608E-608W). Overall, the patterns and impacts on the zonal mean zonal wind are similar for both EP-SAM2 and CP-SAM2 composites during JJA, but anomalous equatorward transient eddy momentum fluxes (gray contours) are centered near 408S and are much stronger over the Pacific Ocean sector than the full zonal mean (Figs. 7a,b) . This corresponds to greater transient eddy momentum convergence on the poleward side of the STJ (not shown), resulting in transient eddy momentum divergence near 508S and negative zonal wind anomalies near 608S. Note the transient eddy momentum flux is stronger in the CP-SAM2 case (Fig. 8b) than the EP-SAM2 case (Fig. 8a) during JJA, when CP events are more likely to support SAM2 events (Lim et al. 2013 ). Again, the structure is similar for both types of El Niño flavors, but the anomalous dynamics are stronger in CP events despite less impact in the CAM on the zonal mean zonal wind. Anomalous mean zonal wind and E u vectors at 300 hPa are shown are for JJA (Figs. 8c,d ) and DJF (Figs. 8g,h ), respectively. Overall, the E u vectors are much stronger over the Pacific than the rest of the SH, similar to the findings by Fogt et al. (2011) . Figures 8c and 8d show divergence of the local E u vectors between 208 and 408S and 1508 and 908W, which represents the addition of westerly momentum to the intensified STJ [note the anomalously strong anomalous mean zonal wind (red shading in this area)] in both El Niño composites compared to the control simulation. The divergence of the E u vectors is more intense in the EP-SAM2 than CP-SAM2 composite, which is reflected by the greater mean zonal wind anomalies. Conversely, convergence of E u vectors in higher latitudes represents a negative forcing on the westerly flow, with negative zonal wind anomalies between 508 and 708S throughout most of the South Pacific.
For DJF, the center of anomalous equatorward transient eddy momentum flux shifts to 508S in both composites (Figs. 8e,f) , reflecting the SAM variability and the deepening circumpolar trough, with very strong transient eddy momentum flux divergence near 608S (not shown) near the core of negative zonal wind anomalies. Again, the CP-SAM2 negative composite shows weaker dynamics and zonal mean zonal wind anomalies than the EP-SAM2 composite for this season. Figure 8g shows strong convergence of local E u vectors in the South Pacific, leading to weaker mean zonal wind (blue shading). While the magnitude of the poleward wave activity toward the high latitudes (E u vectors point in the direction of the wave activity) is stronger, equatorward wave activity from higher-tolower latitudes is still evident between 608 and 708S and 1208 and 908W) (Fig. 8g) . Also, CP-SAM2 poleward E u vectors (Fig. 8h) from the low latitudes toward the high latitudes are weaker, yet the stronger equatorward E u vectors emanating from the Southern Ocean (608-708S, 1208-908W) toward lower latitudes indicate once again that the forcing associated with the SAM on weaker zonal flow is actively participating in the modulation.
Conclusions
In this paper, we have simulated several EP and CP El Niño events with the CAM using prescribed sea surface conditions, focusing on the dynamics associated with each and their interaction with the high southern latitudes. The results of this study confirm that the CAM captures well the spatial and temporal variability of atmospheric circulation associated with the SAM and its modulation of the El Niño teleconnection to Antarctica. Correctly modeling SAM variability is necessary for accurate anomalous circulation in the high southern latitudes associated with El Niño, especially for the CP events that only resemble ERAI when the correct SAM phase occurs in the model. These results allow us to composite in-phase (El Niño-SAM2) and out-of-phase (El Niño-SAM1) events for both EP and CP cases and analyze the seasonal differences in their dynamics.
While Wilson et al. (2014) confirmed westward shifts in the PSA pattern during CP events that impact circulation in the high southern latitudes (Sun et al. 2013; Ciasto et al. 2015) , this analysis focuses on the transient eddy dynamics associated with El Niño-flavor variability. As in observations, a distinct seasonal preference emerges from the model, with EP in-phase (out of phase) events more likely to occur during DJF (JJA). Intense westerly wind anomalies associated with a strong STJ during DJF leads to anomalous equatorward momentum flux on the equatorward side of the eddydriven jet, shifting this jet equatorward, consistent with the low phase of the SAM (e.g., Seager et al. 2003; L'Heureux and Thompson 2006; Fogt et al. 2011; Lim et al. 2013) . Feedback between the transient eddies and the mean flow is stronger in the CP composites than the EP composites during JJA, supporting the findings of Lim et al. (2013) , who show a poleward shift of the STJ during this season causes anomalous convergence of the eddy momentum flux on the equatorward side of the eddy-driven jet, which also drives the PFJ northward.
For out-of-phase cases during both seasons, the El Niño-associated teleconnection to the high southern latitudes is strongly modulated by the SAM behavior, as a strong eddy-driven jet is well maintained by highlatitude transient eddy convergence despite the tropical forcing. A regional view shows that the zonal mean anomalies are much greater over the Pacific sector, responding to much greater transient eddy momentum flux and convergence. However, the process is the same: a co-forcing response from both an intensification of tropically induced stronger STJ as well as additional transient eddy activity (equatorward wave activity) associated with high-latitude forcing.
Certainly, this analysis has taken advantage of the wellmaintained internal variability in the CAM. However, there is evidence that the CAM does not fully capture the tropical forcing of anomalous high-latitude circulation. For instance, correlations between the tropical SST indices and the SAM indices in the model are generally low and insignificant. The zonal mean zonal wind anomalies associated with the STJ in the CP simulations are not as strongly modulated as those in the EP simulations, even during JJA, likely because of the relative differences in EP versus CP SST anomalies (much larger in EP events). Likewise, the model simulations in this study have a first-order depiction of stratospheric ozone behavior, which along with limitations to the stratosphere-troposphere coupling (Gerber and Polvani 2009) , represent an area of improvement for future model simulations of this type.
Moreover, other factors contribute to the complexity of atmospheric circulation around Antarctica, particularly in the South Pacific Ocean, including the Atlantic multidecadal oscillation (Li et al. 2014 ) and the Pacific decadal oscillation (Clem and Fogt 2015; Goodwin et al. 2016 ). Seasonal and annual mean sea ice trends around Antarctica are significantly positive over the last 35 yr (to a lesser degree during DJF) and are largely consistent with long-term trends in MSLP (Simmonds 2015) . In fact, a negative trend in the MSLP during JJA just north of the ice edge between 608 and 1208W-which helps maintain the regional sea ice anomalies between the AmundsenBellingshausen Seas and the Ross Sea-may also reflect the influence of CP El Niño events (less blocking in the southeastern Pacific with anticyclonic anomalies in the south-central Pacific). Discerning how the interactions among these many processes evolve under changing El Niño regimes will be important for understanding the climate changes that have occurred and for modeling future changes of the Antarctic environment.
